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hepatitis C virus infection by deep sequencing across six 
genotypes and three continents.

Auda A. Eltahla1, Chaturaka Rodrigo1, Brigid Betz-Stablein1, Jason Grebely2, Tanya 
Applegate2, Fabio Luciani1, Janke Schinkel3,4, Gregory J. Dore2, Kimberly Page5, Julie 
Bruneau6, Meghan D. Morris7, Andrea L. Cox8, Arthur Y. Kim9, Naglaa H. Shoukry6, Georg 
M. Lauer9, Lisa Maher2, Margaret Hellard10,11,12, Maria Prins3,4, Andrew R. Lloyd1, and 
Rowena A. Bull1 InC3 Study Group

1School of Medical Sciences, Faculty of Medicine, UNSW Australia, Sydney, NSW, Australia, 2The 
Kirby Institute, UNSW Australia, Sydney, NSW, Australia, 3Department of Internal Medicine, 
Division of Infectious Diseases, Tropical Medicine and AIDS, Center for Infection and Immunity 
Amsterdam, Academic Medical Center, Meibergdreef, Amsterdam, The Netherlands, 4GGD 
Public Health Service of Amsterdam, Amsterdam, The Netherlands, 5Department of Internal 
Medicine, University of New Mexico, Albuquerque, NM, USA, 6CRCHUM, Université de Montréal, 
Montreal, QC, Canada, 7Department of Epidemiology and Biostatistics, University of California, 
San Francisco, San Francisco, CA, USA, 8Department of Medicine, Johns Hopkins Medical 
Institutions, Baltimore, MD, USA, 9Harvard Medical School, Boston, MA, USA, 10Burnet Institute, 
Melbourne, VIC, Australia, 11Alfred Hospital, Department of Infectious Diseases, Melbourne, 
Australia, 12Department of Epidemiology and Preventive Medicine, Monash University, Australia.

Abstract

Several direct-acting antivirals (DAA) have now been approved for the treatment of chronic HCV 

infections, opening the door to imminent interferon-free regiments containing molecules targeting 

the viral protease (NS3), phosphoprotein (NS5A) and the polymerase (NS5B). Resistance-

associated variants (RAVs) have been reported both in treatment naïve patients, and upon 

treatment using NS3, NS5A and NS5B inhibitors. The prevalence of naturally occurring RAVs in 

untreated HCV infected subjects has mostly been analysed in subjects infected with GT1 HCV, in 

the late phase of infection, and only within limited regions of the genome. Therefore, the 

prevalence of RAVs in non-GT1 infections, and their co-occurrence across the genome remains 

poorly characterized. In this study, we used next-generation sequencing to analyse full-length 

HCV genomes for the prevalence of RAVs in people with acute HCV infections from nine 

international cohorts. RAV were analysed in 180 patients infected with all six major HCV 
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genotypes (GT1-GT6), and the geographic distribution of RAVs was assessed in 107 GT1a and 

GT3a samples. While RAVs were detected at varying frequencies across the three genes, and 

between genotypes, RAVs to multiple DAAs in leading IFN-free regiments were rarely detected in 

combination. Low-frequency RAVs were also shown to have a GT-specific distribution. The main 

RAVs with geographic associations were NS3 Q80K in GT1a samples and NS5B M142T in GT3a.
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Introduction

Hepatitis C virus (HCV) is a significant cause of morbidity and mortality worldwide (1). 

With a global prevalence of 80–140 million active infections (2, 3), HCV is the leading 

cause of progressive chronic liver disease, potentially resulting in cirrhosis, liver failure 

hepatocellular carcinoma and death (3). HCV also exhibits high genetic diversity, both 

within and between hosts, and has been classified into seven genotypes (GT1-GT7) and 67 

confirmed subtypes (4). In addition to this diversity, following transmission of the virus and 

establishment of infection, the viral variants replicate and generate a genetically diverse 

population within the host, often referred to as the quasispecies (5).

Historically, treatment options for HCV infections have relied heavily on interferon-α (IFN) 

and ribavirin (RBV), which are poorly tolerated and variable in terms of success rates (6). In 

recent years, treatment for HCV has undergone a major transformation with the arrival of 

direct-acting antivirals (DAAs); molecules that specifically target the viral protease (non-

structural (NS) 3, phosphoprotein (NS5A) and the polymerase (NS5B) to inhibit viral 

replication. Several DAAs have been approved for the treatment of chronic HCV infections, 

opening the door to widespread uptake of well-tolerated highly effective IFN-free regimens 

[reviewed in (7)].

In vitro analysis of the effectiveness of these DAAs has revealed that, in most cases, a single 

amino acid substitution within the target viral protein can cause a significant loss of antiviral 

potency. Likewise, such resistance-associated variants (RAVs) have been reported upon 

single agent treatment of patients infected with HCV using NS3, NS5A and NS5B 

inhibitors, and have been associated with treatment failure (8). While in most cases, such 

variants carry a significant fitness cost to the virus and disappear after treatment cessation, 

they can persist for up to two years after treatment (9, 10), therefore potentially affecting re-

treatment options (11), and also being transmitted to new hosts (12). In addition, the high 

diversity of HCV has meant many viral isolates naturally carry residues which confer 

resistance to some approved DAAs as well as those in development, this natural resistance is 

highly genotype/subtype specific (13, 14). Such naturally occurring RAVs have been shown 

to affect treatment response rates both in IFN-based and IFN-free regimens (reviewed in 

(15)).

Several studies have analysed the prevalence of HCV RAVs in treatment-naïve populations. 

These studies however were limited by sample size, variant detection sensitivity and poor 
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representation of non-GT1 HCV infections. Furthermore, studies have so far focused on 

samples collected in the course of chronic infection and from limited geographic regions. 

Therefore, the potential transmission of RAVs and their natural prevalence in non-GT1 

infections remains poorly characterized. In addition, the co-occurrence of low frequency 

variants across NS3, NS5A and NS5B within a single infection remains unclear. This is 

particularly important as the landscape of HCV therapies is moving towards combination 

DAAs targeting different viral proteins simultaneously.

The aim of this study was to perform a comprehensive, ultra-deep analysis of the prevalence 

of RAVs in samples from patients acutely infected with HCV. We compare the prevalence of 

these RAVs across all six major genotypes, and the relative distribution of RAVs across three 

continents.

Materials and Methods:

Study population and design

Participants included in this study were selected from nine prospective cohorts of high-risk 

individuals recruited and followed between 1985 and 2014, which formed the International 

Collaboration of Incident HIV and Hepatitis C in Injecting Cohorts (InC3), described 

previously (16). Samples were selected from the repositories of the individual InC3 cohorts 

from North America (n=4), Australia (n=4) and Europe (n=1) (Table 1). To be included in 

this study, only acute phase samples were selected (i.e. collected within 180 days of the 

estimated date of infection, calculated as described previously) (17). Only samples with a 

viral load greater than 1,000 IU/ml were included, and all participants were treatment naïve 

at the time of collection. Ethics approval for this study was granted by the University of New 

South Wales, Australia (No. 14201). In addition, each of the individual cohorts had ethical 

approval for data and specimen collections. All data pertaining to individual participants 

were de-identified.

RNA extraction, amplicon generation and sequencing

Viral RNA was extracted from plasma samples and amplicons covering the HCV genome 

were generated either as single near-full length products, or as three hemigenomes, as 

described previously (18). Due to primer-design limitations, samples with GT4a, GT4d, and 

GT5a generated amplicons that only extended to genome position 9,277 (with reference to 

GT1a strain H77), and therefore NS5B RAVs past this position were not analysed. 

Amplicons were sequenced either using the Roche 454 FLX (n=10), or an Illumina MiSeq 

Benchtop (n=172) sequencing platform. Roche 454 FLX sequencing was performed as 

described previously (18). Illumina sequencing libraries were prepared using either the 

Nextera XT or TruSeq Nano DNA Library Prep Kits (Illumina) according to the 

manufacturer’s instructions.

Sequence alignment and SNP detection

Sequence read quality was checked using FastQC (Babraham Institute, http://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using Geneious package 

version 8 (19), setting the error rate to 0.3% (equivalent to QC25). Reads were then aligned 
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using Bowtie 2 (20) against the corresponding genotype reference sequence (GenBank 

accession numbers shown in brackets): GT1a (NC_004102), GT1b (AJ238799), GT2a 

(AB047639), GT2b (AB030907), GT3a (HPCEGS), GT4a (Y11604), GT4d (DQ418786), 

GT4m (FJ462433), GT5a (AF064490), GT6a (Y12083), GT6I (EF424628). For the purpose 

of detecting nucleotide variants resulting in DAA RAVs, reference sequences were modified 

to carry DAA-sensitive residues at the sites analysed in this study. Single-nucleotide 

polymorphism (SNP) analysis was performed using the Geneious package with minimum 

variant frequency threshold of 0.001, maximum variant P-value of 10−6, and a minimum 

coverage of 1,000. For 454 sequences, a coverage threshold of 400 was chosen to account 

for the lower coverage relative to Illumina sequences.

Phylogenetic analysis

Consensus sequences generated from all samples included in the study were aligned using 

MUSCLE and a phylogenetic tree was constructed using the Neighbour-joining method 

implemented in Geneious package version 8 (19).

Statistical analysis

To investigate whether specific RAVs are more prevalent in certain regions or genotypes, 

Fisher’s exact test of independence was employed. Results were considered statistically 

significant if the corresponding p value was < 0.05. Analysis by GT included GT1a (n=74) 

and GT3a (n=66). Analysis by region was performed to compare RAVs prevalence in 

Australia and North America stratified for GT1a and GT3a (Table 1). Whether a participant 

carried a RAV within their viral population was defined as a variant frequency greater than 

the cut-off of either 10% or 1%.

Results

Study population

In total, NGS data was generated for 180 samples collected from cohort participants during 

acute HCV infection between 2000 and 2014. The mean age of these participants was 26.5 

(standard deviation 8.1 years), 69% were male, 5.6% were co-infected with HIV. All 

participants were naïve to DAA-based therapy. The majority of participants were infected 

with HCV GT1a (41.8%, n=76) and GT3a (36.3%, n=66). A minority of participants were 

also infected with HCV GT1b (n=5), GT2a (n=2), GT2b (n=12), GT4a (n=7), GT4d (n=5), 

4m (n=1), GT5a (n=4), GT6a (n=3) and 6I (n=1). The distribution of HCV genotypes 

stratified by country of origin is shown in Table 1.

Resistance variants within the NS3 coding region

The prevalence of drug-resistant variants was calculated from the deep sequence data that 

was generated across NS3, NS5A and NS5B for each participant. A summary of the 

frequency for the analysed RAVs in the entire dataset is summarised in Figure 1. It is worth 

noting that the prevalence of analysed RAVs in the study population varies depending on the 

frequency threshold set within the viral quasispecies for each study. In order to allow 

comparisons between our dataset and other studies, the prevalence of each RAV was 

assessed with a range of frequency thresholds (Figure S1). Unsurprisingly, and similar to 
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previous reports, the frequency of RAVs was less variable when the threshold was set to 

10% (Figures S1–S3), hence this was taken as the frequency threshold for reporting RAV 

prevalence.

In regards to protease inhibitors (PI) specifically, the most prevalent RAV was L175. This 

variant, known to be associated with the first-generation PI boceprevir, was the dominant 

variant in all genotypes with the exception of GT1b and GT6a (Figure 1). On the other hand, 

variations at NS3 position 36 were only observed at low frequencies (<2%) in GT1 and GT6 

sequences, and the consensus-level variant L36 was observed in GT2-GT5 sequences (Table 

2). Q80K is a known NS3 variant associated with resistance to multiple protease inhibitors 

including simeprevir, paritaprevir, and asunaprevir. Q80K was detected in the dataset at 

frequencies >10% in 22/74 GT1a samples (30%, Table 2). Q80K was also found as the 

consensus residue for all GT5a and GT6a, but not for GT6I (noting that only one GT6I 

sample was analysed here). Variants at this position were rarely observed in GT2b samples, 

even at low frequency (i.e. less than 1%) (Figure 1).

The variant S122R, known to be associated with reduced activity of simeprevir (21) was 

only detected in GT2b subtypes. Interestingly, low-frequency variation S122R variants were 

rarely detected in non-GT2b sequences, including the two GT2a samples (Figure 1). First-

generation PI RAVs T54A/S, and those conferring resistance to multiple PIs in positions 

V55 and R155 were only detected in a minority of GT1a sequences at frequencies >10% 

(Table 2 and Figure S1), whereas F43 and V132 RAVs were only detected in 1 of 33 GT3a 

samples each (Figure 1 and Table 2). V132 was also detected at consensus-level in 2 of 5 

GT1b sequences. NS3-Y56 RAVs, which affect DAAs paritaprevir and asunaprevir, were 

also rarely detected across all genotypes, but were more common at low-frequency in GT1a 

samples, and absent from all GT5a samples.

Variations were also rarely detected in Q41, S138, V158 and V170. Variations at 107I, 

associated with resistance to telaprevir were only detected at consensus-level in the one 

GT6I sample, and below 10% frequencies in all non-GT1 genotypes (Figure 1 and Figure 

S1). Intriguingly, nearly all (84%) samples included in the study, with the exception of GT4a 

samples, carried the low-frequency variants 156T/V, which are associated with resistance to 

a number of PIs. NS3 RAV Q168 was the dominant residue in all but one GT3a sequence, 

which instead carried H168 (Table 2).

In order to analyse the geographic distribution of NS3 RAVs, samples obtained from North 

America and Australia were compared for GT1a and GT3a. The only NS3 RAV with a 

significant geographic difference was Q80K (Table 5). The prevalence of Q80K was lower 

among participants with GT1a from Australia (1/25, 4%) compared to participants with 

GT1a from North America (20/48, 42%, P<0.001). Additionally, one North American 

sequence carried the Q80K variant at lower frequencies (25%, Figure 1). Interestingly, this 

participant also carried another RAV at the same position, R80, at low frequencies (12%), 

and additional low-frequency RAVs at several other positions, both within and outside the 

NS3-coding region (Figure 1).
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Resistance variants within the NS5A coding region

NS5A RAVs at position 24 and 26 were rarely detected at frequencies >10% in all 

genotypes, even at low frequency (Figure S2). Only one GT1a participant carried R24 at 

44% and one GT3a participant had E26 at 26% frequency (Figure 1). Whereas lower 

frequency variants were detected in other genotypes, none could be detected in GT1b and 

GT2a/2b sequences.

Resistance to a number of NS5A inhibitors, including ombitasvir, daclatasvir and ledipasvir 

has been associated with variations at NS5A position 28, which were detected across 

genotypes. The variant V28, implicated in resistance to NS5A inhibitor, ombitasvir was 

detected at the consensus level in 2 of 74 (3%) GT1a samples, and in the GT6I infected 

sample. The variant was also present at lower frequencies in another GT1a sample and a 

GT3a sample (18–49% frequencies, Figure 1 and Table 2). Other variants such as T28 which 

confer resitance to all approved NS5A inhibitors were rarely detected at frequencies >10% 

(Table 3 and Figure S2). Low-frequency RAVs at this position could not be detected in any 

of the GT1b and GT5a samples, but were present at different levels in all other GTs, and the 

most relevant variants, 28T/V were limited to GT1a and GT3a samples.

Similar to variants within NS5A residue 28, substitutions at position 30 were also associated 

with a number of NS5A DAAs, and are characterised by consensus-level variation between 

genotypes (Table 3). In GT1a participants, 2 of the 48 (4%) samples derived from North 

America, and none of the Australian-derived sequences, carried the variant H30 (Table 3). 

Similarly, low prevalence of RAVs 30K/T were detected for GT3a (Figure 1). No low-

frequency RAVs at position 31 were detected in GT1a/1b, GT5 and GT6 sequences. Only 

RAV 31F could be detected at low frequencies in GT3a samples, while GT2 and GT4a 

samples, in addition to consensus-level 31M variants, carried low-frequency (<2%) 31V/I. 

Similarly, while no RAVs were detected at the consensus level at NS5A 32, low frequency 

variants, <2%, were detected predominantly in GT1 and GT2 samples (Figure 1). NS5A 32 

and 38 substitutions were only detected at very low frequencies (<2%) across genotypes.

Variations at NS5A position 93 which confer resistance to a number of RAVs were also 

rarely detected in our dataset, with only one GT1a sequence carrying 93S, and only one 

GT1a and one GT3a sample with 93H at the consensus-level, while another GT3a and a 

GT4a sample carried this RAV at medium-level frequencies (39% and 57%, respectively). 

Low frequency RAVs 92T were predominantly detected in GT1 and GT4-GT6. No 

significant geographic differences were observed for NS5A RAVs in our dataset with either 

GT1a or GT3a (Table 5).

Resistance variants within the NS5B coding region

In agreement with previous reports, RAVs associated with the NNI sofosbuvir (positions 

282, 289, 159, 320 and 321) were rarely detected in our dataset. S282T was not detected in 

any of the sequences, while L159F was only detected in one GT1a sample, which carried 

this RAV as the dominant variant. S15G was detected only in GT2b samples. This RAV has 

been associated with resistance to some HCV NIs, but only in combination with C223H/

V321I (22), and this co-occurence was not present in any sample; RAVs at 223 were not 
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detected, while only low-frequency variants were detected at 321, and were primarily 

alanine residues. Substitutions at M289, which have been implicated in resistance to NIs 

such as sofosbuvir, were detected as majority variants in two GT2b and the one GT6I sample 

(Table 4), and as minority variants in all non-GT1 participants (Figure 1). It is worth noting 

that M289L was primarily observed in GT2a, but not GT1a/1b replicons, in the preclinical 

assessment of sofosbuvir, and while this mutation had a minor effect on drug potency, in 

combination with S282T there was an additive effect (23). In our dataset, however, only 289I 

was detected in GT2b (Table 4). The NS5B RAV C316Y which has been reported to confer 

resistance to different classes of NIs and NNIs, was rarely observed at frequencies >2%, 

whereas minority variants were detected across all GTs (Figure 1).

Resistance to the recently approved NNI dasabuvir has been associated with variants at 

C316, S368, M411, M414, Y448, A553, G554 and S556 positions. In the GT1a participants, 

only C316Y (1/74), A553V (2/74), G554D (1/74) and S556G (4/74) were detected in 

frequencies >10%, and only S556G variants were detected at the consensus-level (Figure 1 

and Figure S3). Of the GT1b samples, 1 of 5 (20%) carried the S556G variant at a frequency 

of 42%. With the exception of position 368, lower-frequency variants associated with 

dasabuvir were present in all GT1 samples. Only GT6 samples did not contain consensus-

level RAVs at these positions. GT4 samples carried 414 whereas other GTs carried subtype-

specific variants at 414L/V/I. RAVs V553 and G556 were also present at the consensus-level 

in different subtypes (Table 4). Of the NS5B substitutions associated with resistance to 

beclabuvir, A421V was frequently observed at a frequency >10% both in Australian (25%) 

and North American (10%) derived GT1a samples, and almost all GT1a samples carried this 

RAV at lower frequencies (0.2–4%). On the other hand, beclabuvir-associated RAVs at 

position 495 were only detected at frequencies up to 2.2% (Figure 1). Consensus-level V421 

was detected in all non-GT1 sequences (Table 4). Variants associated with a class of NNIs 

binding to the thumb II site, including 419I, 423I, 482L and 494A were genotype and 

subtype-specific (Figure 1) and with the exception of GT1b samples, >97% of all non-GT1b 

samples had consensus level NS5B V499A (Table 4).

When the geographic distribution of NS5B RAVs was analysed, N142T, an NS5B mutation 

that has been associated with resistance to some HCV NIs but not sofosbuvir, was only 

detected in GT3a samples derived from North America; 4 of 33 (15%) participants carried 

this variant as a dominant variant, while no minor variants were detected in any of the other 

samples (Figure 1). While this RAV was significantly associated with GT3a (P = 0.02), its 

geographic association with North American sampling fell below the significance level (P = 

0.053, Table 5).

Resistance to advanced IFN-free combinations

Analysis of the entire coding region for NS3, NS5A and NS5B in this study allowed for the 

simultaneous analysis of RAVs involved in resistance to upcoming regimens containing 

molecules targetting multiple HCV proteins. As mentioned, no sofosbuvir-associated RAVs 

were detected in our GT1 dataset, and therefore combinations of RAVs affecting double-

therapy regimens containing sofosbuvir and either ledipasvir, daclatasvir, and velpatasvir 

were not detected.
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RAVs relevant to other double and triple therapy regimens which have advanced through 

clinical trials have been analysed for GT1a sequences and are highlighted in Figure 1. These 

regimens include i) ombitasvir, paritaprevir and dasabuvir; ii) daclatasvir, asunaprevir, and 

beclabuvir; and iii) grazoprevir and elbasvir. Of the RAVs relevant to the recently licensed 

regimen containing ombitasvir, paritaprevir and dasabuvir (24, 25), no samples contained 

resistant variants to all three molecules in the regimen, however NS3 K80 was detected with 

NS5B V553, with NS5B D554, with NS5B V553/G556, each in one sample. NS5A/NS5B 

variants detected in combination were NS5A V28 with NS5B G556, and were detected in 2 

of 50 (4%) samples. In relation to another IFN-free triple regimen containing daclatasvir, 

asunaprevir and beclabuvir (26), six participants carried the NS3 Q80K in combination with 

NS5B 421V (Figure 1). Of these participants, three also carried the NS5A H30 variant. 

Interestingly, one sequence carried NS3 Q80K, Q80R, NS5A H30, and NS5B V421 all at 

frequencies 12–28% of the viral population (Figure 1). At frequencies >10%, the NS3 RAV 

Q80K was detected in GT1a sequences in combination with NS5A M28V/T in two samples, 

with NS5A R30H in three samples, and with NS5A Y93S in yet another sample (Figure 1). 

While low-frequency variants were detected in combination across NS3 156 and NS5A 28 

sites, which are relevant to multiple IFN-free regimens (26, 27), these were not detected in 

combination at frequencies >10% of the viral population. Similarly, variants associated with 

resistance to the combination regiment grazoprevir/elbasvir (27) were not detected in 

combination in any GT1 samples.

Discussion:

The rapid evolution of HCV therapeutics has meant that there is a need for a better 

understanding of the mutations encoding for resistance against antiviral agents in the clinical 

setting. The aim of this study was to understand the prevalence of such RAVs during the 

acute phase of HCV infection, and how these RAVs differ across genotypes and between 

geographic regions.

While RAVs could have variable impact on the drug potency in different HCV genotypes 

(15), the large number of samples representing the major GTs in this study has allowed the 

direct comparison of this prevalence particularly between GT1a and GT3a (Tables 2–4). 

Besides consensus-level variations, notable differences between genotypes were found to be 

NS3 Q80K, associated with GT1a samples, and NS5B M142T, associated with GT3a. The 

difference in RAV prevalence between HCV strains has so far been largely confined to 

GT1a/GT1b, and under-reported for other genotypes (28). Understanding these genotypic 

differences is crucial for future therapies where pan-genotypic regimens are the ultimate 

goal, and where the necessity for monitoring resistance before or after treatment remains to 

be resolved.

Our analysis has also demonstrated a significant difference in the prevalence of some RAVs 

within the same genotype, but across different geographic regions (Table 5). The geographic 

spread of NS3 Q80K has been well documented, reaching levels of 48% in North American 

GT1a isolates, 19% in Europe and 9% in South America (29). Furthermore, in a recent study 

of the European region, variable rates were reported for Q80K prevalence across different 

countries, ranging between 0% in Bulgaria to around 18% in the UK (30). In agreement with 
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previous reports, the prevalence of this RAV in the North American continent samples 

studied here matched those previously reported for North America in GT1a (38%). However, 

only 4% of GT1a sequences of Australian origin carried this variant. This RAV has been 

associated with resistance to a number of approved NS3 inhibitors including simeprevir and 

paritaprevir. Interestingly, tracing the evolutionary history of this polymorphism has revealed 

that the majority of isolates carrying this variant originated from a single lineage that was 

estimated to have arisen during the 1940s (31). Combined with our data, this indicates that 

DAA regimens affected by baseline Q80K variants are more likely to be successful in the 

Australian population.

Within-host, the frequency at which baseline RAVs become clinically relevant remains 

unresolved, and is likely to be dependent on the treatment regimen used (15, 32). For HIV-

infected patients, minority variants not detected by population sequencing could 

significantly affect the patients’ response to antiretroviral therapies (33). Our analysis of this 

large dataset using deep-sequencing platforms revealed not only the consensus-level 

variation across known RAV sites, but also the prevalence of low-level (<10%) RAVs across 

the major genotypes. For instance, in agreement with previous reports, resistance variants 

S282T and L159F, associated with resistance to HCV NIs such as sofosbuvir were rarely 

observed in our dataset, even at low frequency, which is explained by the impaired 

replicative fitness of this variant (34). In contrast, NS3 A156T/V variants, which are relevant 

to a number of PIs, were carried at low frequencies in the majority of samples, with the 

exception of those belonging to GT4a HCV. This is despite the apparent fitness cost these 

variants confer to GT1a/1b in vitro (35). Similarly, NS5A M28T/V was detected at low 

frequencies in a large number of samples (Figure 1). It should be noted, however, that the 

absence of these variants in GT1b samples could be explained by the loss of replication 

efficiency of GT1b, but not GT1a, viruses carrying NS5A 28 RAVs in cell culture (36). 

Other variants which had GT-specific prevalence were NS3 Q80, which could not be 

detected in GT2b, while S122R was rarely detected in non-GT2b samples. Similarly, a 

notable absence of the following RAVs was observed in specific genotypes; NS3 Y56H/I in 

GT5a, NS3 R155 RAVs in GT4a, NS5A L31I/V in GT1a/1b, 5a and 6a and NS5B 

M414T/I/L/V in GT2 samples (Figure 1). It is known that the genetic barrier to resistance 

not only differs between classes of DAAs (13, 28), but also between different HCV subtypes 

towards the same DAA (13). This is believed to be attributable to the number and type of 

nucleotide changes required to generate these RAVs, and the fitness cost of these RAVs in 

different genotypes (37). These genotypic differences in tolerance to even low frequency 

variations that are associated with DAA resistance may provide a valuable insight into which 

molecules could be targeted for pan-genotypic regimens, and which genotypes might need 

screening for antiviral resistance before or while on therapy.

Conclusion:

This is the largest study assessing the prevalence of HCV-related resistance variants in acute 

infection to characterise whether these RAV are commonly associated with transmitted 

variants. It also provides the most comprehensive estimate of the prevalence of HCV RAVs 

across the HCV genome for six different genotypes across three continents using deep 
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sequencing of the HCV genome, which is needed if these emerging therapies are to be 

applied on a global scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A summary of the resistance-associated variants (RAVs) detected by deep-sequencing 
across the HCV genome.
RAVs detected by deep-sequencing of the HCV genome are shown together with their 

frequency of occurrence as a heat map. Rows represent individual samples and columns 

indicate a position within NS3, NS5A and NS5B which is known to confer resistance to 

DAAs. A neighbour-joining phylogenetic tree based on the NS5B consensus sequences is 

also shown. Tree branches are coloured according to the sample origin, where North 

American samples are shown in red, Australian samples in green and European samples in 

yellow. The genotype of the sample is indicated by the bracket on the right. The frequency 

of RAVs is indicated by the color according to the scale bar, and positions where RAVs were 

not analysed are shown in grey. RAVs associated with new IFN-free DAA combination 
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regimens are highlighted at the top of the figure; ombitasvir, paritaprevir and dasabuvir (red 

spheres), daclatasvir, asunaprevir, and beclabuvir (blue spheres), grazoprevir and elbasvir 

(green spheres).
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Table 1

Summary of samples included in the study by genotype and country of origin.

Genotype Number of Samples (n=180)
Country

Australia (n=70) US/Canada (n=94) Netherlands (n=16)

GT1a 74 [41.1%] 25 48 1

GT1b 5 [2.8%] 4 1

GT2a 2 [1.1%] 2

GT2b 12 [6.7%] 4 8

GT3a 66 [36.7%] 33 33

GT4a 7 [3.9%] 2 5

GT4d 5 [2.8%] 5

GT4m 1 [0.6%] 1

GT5a 4 [2.2%] 4

GT6a 3 [1.7%] 3

GT6I 1 [0.6%] 1
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Table 2.

Prevalence of NS3 resistance associated variants detected in this study*.

Prevalence of RAVs [%]

NS3 Position Variants Detected GT1a (n=74) GT3a (n=66) GT1b (n=5) GT2b (n=12) GT4a (n=7) GT4d (n=5) GT5a (n=4) GT6a (n=3)

36 L - 100 - 100 100 100 100 -

43 S - 2 - - - - - -

54 A 1 - - - - - - -

55 A 3 - - - - - - -

80 K/R 30 (K), 1 (R) 2 (K) - - - - 100 (K) 100 (K)

122 R - - - 100 - - - -

132 V - 2 40 - - - - -

155 K 1 - - - - - - -

168 Q/H - 2 (H), 98 (Q) - - - - - -

175 L 100 100 - 100 100 100 100 -

*
Only variants detected at frequency >10% of the quasispecies are shown
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Table 3.

Prevalence of NS5A resistance associated variants detected in this study*.

Prevalence of RAVs [%]

NS5A Position Variants Detected GT1a (n=74) GT3a (n=66) GT1b (n=5) GT2b (n=12) GT4a (n=7) GT4d (n=5) GT5a (n=4) GT6a (n=3)

24 R 1 - - - - - - -

26 E - 2 - - - - - -

28 T/V/F 1 (T), 4 (V) 2 (V) - - - - - 33 (F)

30 H/R/K/T/S/L 3 (H) 3 (K), 2 (T) 100 (R) 100 (K) 86 (L), 14 
(R)

100 (R) - 100 (R)

31 M - - - 50 100 100 - -

54 H 100 - 40 - 100 100 - 100

93 S/H 1 (S) 3 (H) - - 14 (H) - - -

*Only variants detected at frequency >10% of the quasispecies are shown
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Table 4.

Prevalence of NS5B resistance associated variants detected in this study*.

Prevalence of RAVs [%]

NS5B Position Variants Detected GT1a (n=74) GT3a (n=66) GT1b (n=5) GT2b (n=12) GT4a (n=7) GT4d (n=5) GT5a (n=4) GT6a (n=3)

15 G - - - 100 - - - -

142 T - 8 - - - - - -

159 F 1 - - - - - - -

289 I/L - - - 16.7 (I) - - - -

316 Y 1 - - - - - - -

392 I - - - 100 - - - -

414 L/V - 2 (L) - - 100 (V) 100 (I) - -

419 I - 98 - 100 100 100 - 100

421 V 15 98 - 92 100 100 50 100

423 I - - - - - - 100 -

426 V 1 - - - - - - -

445 F - 100 - 100 100 100 100 100

448 C - 2 - - - - - -

482 L 3 100 - 100 100 100 - 100

494 I/A 1 (I) - - 100 (A) - - - -

496 S - 2 - - - - - -

499 A 96 98 - 100 100 100 100 100

553 V 3 100 - 100 100 100 100 -

554 D 1 - - - nd nd - -

556 G 5 100 20 100 nd nd - -

*
Only variants detected at frequency >10% of the quasispecies are shown. nd; not determined.
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Table 5.

Geographical distribution of HCV RAVs for GT1a and GT3a samples in this study*.

RAV Position Variants
Genotype 1a Genotype 3a

Aus (n=24) US/CA (n=48) Aus (n=33) US/CA (n=33)

Prevalence [%] P Value Prevalence [%] P Value

NS3

36 L 0 0 NA 100 100 NA

43 S 0 0 NA 3 0 1.000

54 S 0 2 1.000 0 0 NA

55 A 0 4 0.534 0 0 NA

80 K 4 42 <0.001 3 0 1.000

80 R 0 2 1.000 0 0 NA

132 V 0 0 NA 3 0 1.000

155 K 0 2 1.000 0 0 NA

168 H 0 0 NA 0 3 1.000

168 Q 0 0 NA 100 97 1.000

175 L 100 100 NA 100 100 NA

NS5A

24 R 0 2 1.000 0 0 NA

26 E 0 0 NA 0 3 1.000

28 T 0 2 1.000 0 0 NA

28 V 8 2 0.269 3 0 1.000

30 H 0 4 0.543 0 0 NA

30 K 0 0 NA 3 3 1.000

30 T 0 0 NA 0 3 1.000

54 H 100 96 0.543 0 0 NA

93 S 0 2 1.000 0 0 NA

93 H 0 0 NA 6 0 0.492

NS5B

142 T 0 0 NA 0 15 0.053

159 F 4 0 0.342 0 0 NA

316 Y 4 0 0.342 0 0 NA

414 L 0 0 NA 0 3 1.000

419 I 0 0 NA 100 97 1.000

421 V 24 10 0.170 100 97 1.000

426 V 4 0 0.342 0 0 NA

445 F 0 0 NA 100 100 NA

448 C 0 0 NA 3 0 1.000

482 L 4 2 1.000 100 100 NA

494 I 0 2 1.000 0 0 NA

496 S 0 0 NA 3 0 1.000

499 A 92 98 0.269 97 100 1.000
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RAV Position Variants
Genotype 1a Genotype 3a

Aus (n=24) US/CA (n=48) Aus (n=33) US/CA (n=33)

Prevalence [%] P Value Prevalence [%] P Value

553 V 4 0 0.342 100 100 NA

554 D 0 2 1.000 0 0 NA

556 G 8 2 0.269 100 100 NA

*
Only variants detected at frequency >10% of the quasispecies are shown
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